Co K-edge x-ray absorption spectroscopy ͑XAS͒ measurements have been performed on anhydrous Na x CoO 2 ͑x = 0.3, 0.74, 1.0͒, LiCoO 2 , H ␦ CoO 2 , and hydrated Na 0.3 CoO 2 · yH 2 O ͑y = 0.6, 1.2͒ layered cobaltates. Sealed environments were employed through the duration of the experiments to maintain phase purity. The XAS of anhydrous Na x CoO 2 shows systematic changes with x indicative of a Co oxidation state increase with decreasing Na content. This trend is shown to correlate well with a detailed review of the structural parameters. In contrast, although the XAS results on the Na 0.3 CoO 2 · yH 2 O ͑y = 0 , 0.6, 1.2͒ materials show detectable spectral changes, they indicate that there is no Co valence change upon hydration. Here pre and post spectroscopy material characterization allows a unique certainty in these exceedingly sensitive materials. The XAS spectral changes which accompany hydration are discussed in terms of a homogenization of the electronic structure in the CoO 2 planes and are correlated with structural properties and recent NMR results.
I. INTRODUCTION
Currently the series of layered Na x CoO 2 · yH 2 O, compounds is the focus of intense interest, and controversy. The interest is motivated by a host of correlated electron effects, for various x and y, including: the superconductivity, discovered by Takada et al., 1 with T c ϳ 4.5 K and widely discussed as being nonconventional; 2 the analogy between the CoO 2 layers and the CuO 2 layers in the cuprate superconductors; 1, 3 the evidence for both weak ferromagnetic, 2 and spin density wave correlations; 3 and the presence of charge ordering phase transitions. 3 The controversy is due to an extreme sensitivity of these materials to variations in water content, O-deficiency and Na-stoichiometry. Indeed the materials hypersensitivity of this system earned it such appellations as "the muddy material" and "the devil superconductor." 4 The basic building block of the crystal structure of Na x CoO 2 , Li x CoO 2 , and the Na-hydrated materials is the strongly bound hexagonal CoO 2 planes containing edgesharing CoO 6 octahedra. 1, [5] [6] [7] [8] [9] [10] The Li, Na, and H 2 O insertion layers lie between the CoO 2 planes along the crystalline c axis. 1, [5] [6] [7] [8] [9] [10] These insertion layers act as spacers separating the CoO 2 planes and can also serve as a charge reservoirs modifying the electron distribution in the CoO 2 planes. 1, 3, [5] [6] [7] [8] [9] [10] The specific electronic structure role of the insertion ions, and the H 2 O molecules, is an important issue in these materials.
The water inserted between CoO 2 layers in the hydrated phases unquestionably acts as a spacer, greatly expanding the c-axis lattice parameter and moving the Na atoms substantially away from the CoO 2 layers. 1, 3 This can reasonably be expected to diminish the effects of the random Coulomb potential of the Na + ions, providing a smoother potential at the CoO 2 layers. 11, 12 The electronic structure calculations indicate that the hydration has very little effect on the valence and electronic structure of the CoO 2 planes, 11, 12 despite the established critical dependence of the appearance of superconductivity on the precise hydration level. 13, 14 Importantly although electronic structure calculations have been compared for the x = 0.3 anhydrous and hydrated forms of this material, no direct spectroscopic measurements were available to compare to the calculations. Spectroscopy measurements to probe the electronic structure of these materials have required heroic efforts to attempt to minimize variations of water content under the experimental conditions and in sample transport to the spectroscopy chambers. 15, 16 Bulk measurements on the hydrated Na x CoO 2 · yH 2 O materials are notoriously sensitive, as noted above, to water uptake/loss with varying room humidity resulting in the appearance/disappearance of superconductivity. The sample transport into, and photoemission ͑PE͒ measurements under, high vacuum is therefore very problematic as is the surface sensitivity in PE measurements. Compounding this problem is the fact that the anhydrous Na x CoO 2 ͑with x ϳ 0.3͒ compound is also hypersensitivity to water absorption making direct spectroscopic comparison of the relevant x ϳ 0.3 anhydrous versus hydrous materials nearly impossible. Chainani et al. 15 and Shimojima et al. 16 have taken extreme precautions in the sample sealing, transport, and low temperature surface preparation in their PE measurements. However it must be noted that both of these works were forced to compare the hydrous material with x ϳ 0.3 to an anhydrous x = 0.7 material. Moreover, despite the extensive sample handling precautions in these PE studies no decisive in situ or post experiment sample characterization was possible. Thus while these PE studies are presumably correct and bulk sensitive ͑as purported͒, room for uncertainty as to the water content remains, as does total uncertainty of the hydration effect at constant Na content.
In this work the high energy Co-K x-ray absorption near edge spectroscopy measurements ͑XAS͒ were performed on materials within robust protective packaging that preserves the hydration state of the sample. Moreover, it is important to note that the packaging is durable enough to allow both preand post-XAS experiment characterization to verify unambiguously the sample preservation.
II. EXPERIMENTAL
NaCoO 2 was prepared as reported in the literature. 17 Preparation of Na 0.3 CoO 2 and Na 0.74 CoO 2 is described in Ref. 18 . Na 0.3 CoO 2 from one synthetic batch was divided into portions, which were used for phase characterization and for preparation of the hydrated phases.
The monolayer hydrate ͑MLH͒ Na x CoO 2 · 0.6H 2 O and the bilayer hydrate ͑BLH͒ Na x CoO 2 · 1.2H 2 O phases were prepared by equilibrating at constant relative humidity over appropriate saturated salt solutions, respectively. 18 All operations with the anhydrous sodium cobaltates were performed in an argon filled glove box. Sample preparation of hydrated phases for powder x-ray diffraction ͑PXD͒, magnetic measurements, thermogravimetric analyzes ͑TGA͒ and XAS was performed in a nitrogen filled polymer glove bag, where a constant relative humidity ͑RH͒ was maintained by continuous N 2 ͑g͒ circulation over the appropriate saturated salt solution. 18 Protonated layered cobaltate H ␦ CoO 2 was prepared by treating Na 0.3 CoO 2 with a 0.5 N H 2 SO 4 solution at room temperature for 6 days. The H 2 SO 4 solution was refreshed every other day during the reaction. The product was washed with copious amounts of distilled water and then dried in air at room temperature.
PXD patterns were recorded at room temperature over an angular range 5°ഛ 2 ഛ 90°with a step scan of 0.02°͑2͒ on a Bruker D8 Advance diffractometer ͑Bragg-Brentano geometry, Cu K␣ radiation͒. Silicon ͓NIST 640c, a = 5.43120͑1͒ Å͔ was used as an internal calibration standard, and lattice parameters were refined with the Checkcell program. 19 The Co-K XAS measurements were performed in the fluorescence mode on powdered samples on beamline X19A at the Brookhaven National Synchrotron Light Source with methods discussed in the references. 20, 21 Briefly these methods entailed the following. The incident and transmitted beam intensities were measured with ionization chambers and the fluorescence intensities with Canberra PIPS detectors. The absolute energy calibration was set to the elemental Co-K edge ͑first inflection point͒ 7.709 KeV. The relative energy scale was maintained to better than ±0.05 eV with the simultaneously-run standard ͑the same CoO standard for each sample͒ method. As is routine the spectra had a linear background subtracted ͑determined over an ϳ80 eV interval below the edge͒, and were normalized to unity absorption step height across the edge. Here an average of the data in the ϳ50-200 eV range above the edge was used to set the normalization value.
The dc magnetic susceptibility measurements were carried out on powder samples with a commercial superconducting quantum interference device ͑SQUID͒ magnetometer ͑Quantum Design, MPMS-XL͒ at 10 Oe. All measurements were performed by warming the samples in the applied field after cooling to 2 K in zero field ͑ZFC, zero field cooled͒ and by cooling the samples with the measuring field applied ͑FC, field cooled͒.
Quantitative elemental analysis of sodium and cobalt was performed on a Perkin-Elmer Plasma 40 Emission Spectrometer ͑ICP͒. Typically, about 100 mg of sample was dissolved in 10 mL concentrated HCl and diluted to 1000 mL, giving analyzed concentrations between 10 and 60 g / mL for each element.
A. Materials parameter control
In view of the extreme susceptibility of these materials to water loss/up take it is appropriate to devote a special section to sample preparation/preservation and characterization. The PXD of the prepared samples was measured in an airtight specimen holder with a domelike plastic cover. A constant relative humidity over the samples was maintained in such a sample holder. The plastic cover produced some halo background in the PXD patterns ͑Fig. 1͒.
Powder samples for XAS measurements were spread on a scotch tape and sealed in two polymer bags under appropriate conditions, i.e. in an argon filled glove box or in a glove bag with a constant relative humidity for the anhydrous and hydrated samples, respectively. Such protection during XAS measurement was necessary due to the known rapid decomposition of BLH and the extreme water vapor sensitivity of Na 0.3 CoO 2 . The Na x CoO 2 ͑x = 0.3, 0.74, 1.0͒ samples for XAS measurement, prepared in a glove box, were kept in a desiccator over P 2 O 5 till the measurement. After the XAS measurements the PXD was made directly in the protective bags. Figure 1 shows that all of the samples were single phase before and unchanged after the XAS measurements. Some peak broadening of the PXD is attributed to unavoidable in-plane misalignment of sample grains in the protective bag. An extra peak from the protective bag was observed at ϳ9.5°2.
B. Note on structure
It is useful to view our XAS results in the context of the detailed structural results on these materials. These structural parameters have been gleaned from the literature however they are systematized here in a somewhat new way for correlation with our XAS results. Although our structural summary perspective is original it is based on the results of other groups. Hence, it is presented in an Appendix to clearly partition it from our own experimental results. The reader is referred to this Appendix at this juncture to set the context for our XAS results discussion.
III. XAS MEASUREMENTS

A. Standard compounds: main edge
In Fig. 2͑a͒ the Co-K near edge spectra of a number of octahedrally coordinated Co oxides are shown. The near edge peak-features ͓see for example A and B in Fig. 2͑a͔͒ at the K edges of 3d row transition metal, T͑3d͒, compounds are due to transitions from the 1s to 4p states of the transition metal. These features are superimposed on an underlying step feature due to the onset of 1s to continuum transitions. Multiple 4p features associated with different 3d configurations, and with differing orbital orientations, make interpretation of the near edge features difficult. Nevertheless the systematic energy shifts in the T͑3d͒ K edges, upon doping/ chemical changes, and the variation of feature intensities can serve as indicators of charge transfer. 22 Referring to the spectra in Fig. 2͑a͒ a clear overall chemical shift of the absorption edge to higher energy, with increasing Co valance, can be observed for these standard compounds. The variation in the chemical shift can be seen, for example, near the centrum of the edge ͑the at ϳ 0.7 to 0.8͒ which is labeled "cent." in the figure. The energy of this centrum point is sometimes used to measure the shift in valence. Another, often used chemical shift indicator is the inflection point of the initial rise of the absorption edge. This rise is associated with the A-feature labeled in the figure. Yet a third measure of the chemical shift is the energy position of the highest peak feature, labeled B in the figure. The A and B feature labeling has been used previously in T͑d͒ K edge discussions. 23, 24 Strong spectral feature splittings at the edge however often complicate the identification of the chemical shift. A good example of such a problem is the NaCo 3+ O 2 spectrum in Fig. 2͑a͒ , which has the A-inflection point shifted well down in energy and the peak B-feature shifted well up in energy relative to the LaCo 3+ O 3 spectrum. 3 , NaCoO 2 ͔, and ϳCo 4+ -͓SrCoO 3−␦ ͔ compounds. ͑a͒ Co-K main edges. Spectral features in three energy regions are noted: the lowest energy "first onset" A feature; the peak B feature; and the spectral intensity in the energy region between 7.30-7.38 keV labeled by C. ͑b͒ Co-K pre-edges. Spectra have been displaced vertically for clarity and the energy regions for the a1 and a2 pre-edge spectral features have been indicated. these two "Co 3+ " standards is however relatively consistent. Here the differing electronic energy level splittings between the perovskite structure LaCoO 3 and layered NaCoO 2 structure is what complicates the chemical shift comparison. As the Co valence increases above 3+ ͑e.g., SrCoO 3−␦ ͒: the chemical shift of the edge becomes smaller, and the peak B-feature intensity decreases and an increase in spectral intensity in the region identified as C in the figure are observed. Thus while there are K-edge indicators of the relative Co valence change one must be cognizant of complicating electronic/crystal structure effects.
B. Standards compounds: pre-edge
In Fig. 2͑b͒ the pre-edge region for the Co standard spectra shown in the previous figure are shown. The weak preedge feature at the K edges of T͑3d͒ compounds is due to a combination of quadruple 1s to 3d and dipole 1s to 3d/ligand-p-hybridized transitions with the latter being dominant in oxide materials. In general bimodal a1-a2 features, albeit with large variations in intensity, are observed in the pre-edges of these spectra. In particular the a1 feature in NaCoO 2 is strongly enhanced. This enhancement is presumably due to the substantial trigonal distortion ͑see the structure Appendix͒ of the CoO 6 octahedra in this material which enhances the O-p / Co-d hybridization and hence the dipole matrix element in the pre-edge feature. With the increase of the formal Co-valence above 3+ the bimodal a1-a2 structure collapses into a single, broad unresolved pre-edge feature ͑see the SrCoO 3−␦ spectrum in the figure͒.
C. Na x CoO 2 and LiCoO 2 : main edge
In Fig. 3 the Co-K edge spectra of a Na x CoO 2 ͑with x = 0.3, 0.5, 0.74, and 1.0͒, LiCoO 2 and the standard CoO are shown. It should be noted that CoO has a NaCl-structure type and Co is in octahedral O coordination, whereas the other compounds have structures with CoO 2 layers and distinctly distorted octahedral O coordination of the Co. The first inflection point ͑see I in Fig. 3͒ of the main edge rise in these spectra has been determined by numerical differentiation and the energy has been indicated on the curves by a circle. The energy of the highest peak in the spectra ͑see P in the figure͒ has also been determined and has been indicated on each curve by a rectangular box. As noted above, shifts in both of these features have been used as chemical shift indicators of valence state changes. In the inset of Fig. 3 , the energies of the inflection ͑I͒ and peak ͑P͒ points are plotted versus the formal valence of these compounds. Despite the differing structure of the Co-O compounds, a good correlation between both of these spectral features and the formal Co valence is observed. Thus there is good evidence that increasing Na content in the Na x CoO 2 series ͑in the x = 0.3 to 1.0 range͒ transfers increasing electronic charge into the Co-3d orbitals. Interestingly, the energies of the chemical shift indicators for LiCoO 2 fall quite close to that of the isoelectronic NaCoO 2 , despite the substantial differences in the sharpness and intensities of their K-edge spectral features.
Referring to the structure Appendix it should be noted that the Co-O bond distance also expands regularly with increasing x in the 0.3 to 1.0 range ͑see Fig. 7͒ . Thus there is a qualitative correlation between the XAS inferred Co valence increase ͑with decreasing x͒ and the Co-O bond length decrease that is in agreement with expectation.
D. LiCoO 2 -NaCoO 2 comparison: main edge
The Li x CoO 2 system is related to the Na x CoO 2 materials and indeed authors sometimes appeal to results on the former when making arguments about the latter ͓e.g., see Ref. 14͔. Accordingly in Fig. 4 , a detailed comparison of the Co-K edges of the x = 1 compounds of these two systems is made. The LiCoO 2 spectrum manifests similar, but energetically much sharper, features as compared to the NaCoO 2 spectrum. The initial A feature for NaCoO 2 , for example, is clearly resolved into two A and AЈ features for LiCoO 2 . The B feature for LiCoO 2 is similarly substantially enhanced in intensity and appears to manifest distinct unresolved subfeatures on its high and low energy sides ͑note the asymmetry of the B feature͒. Moreover, two additional features are enhanced in the energy range above the B feature. In Fig. 4 arrows have been included as guides to the eye for the feature modifications at and above the B feature energies.
The broadening of the main edge features of the NaCoO 2 , relative to the LiCoO 2 , suggests that the Na plane induces a greater distribution of local electronic environments in the Co-O slabs. As noted in the structure Appendix the larger Na ionic radius introduces a larger strain and trigonal distortion in the CoO 2 planes than does the Li. A broadening of the Co   FIG. 3 . ͑Color online͒ The Co-K edges of CoO, the Na x CoO 2 ͑x = 0.3, 0.5, 0.74, and 1.0͒ series, and LiCoO 2 . ͕Note the energy scale in this and subsequent spectra has been set to zero at the peak energy of CoO.͖ The points "I" ͑see ovals in the figure͒ label the first inflection on the leading rise in the edges. The points "P" ͑see rectangles in the figure͒ label the highest peaks in the curves. Inset: The energies of the first-inflection points, I, and peaks, P, plotted versus formal valance for the Na x CoO 2 ͑x = 0.3, 0.5, 0.74, and 1.0͒ series, and LiCoO 2 . Note that the I and P energy scales have been offset but have the same scale factors to facilitate direct comparison of slopes.
site electronic states in the Na material ͑relative to the Li͒ is consistent with this greater strain/distortion of the CoO 6 octahedra. In addition, the greater atomic mass of the Na ͑rela-tive to Li͒ could potentially influence the electronic state broadening at the Co sites due to local Na ͑or Li͒ site displacement. The Na/ O mass ratio ͑23/ 16͒ is more than threefold larger than that of Li/ O ͑7/16͒, hence the O displacement response to the interaction should be much larger for the case of Na excursions. Thus inhomogeneous O displacement induced perturbations in the Co-electronic structure would also be larger in the Na case. It is worth noting that the main edge spectral changes between the NaCoO 2 and LiCoO 2 are similar ͑although much larger͒ to those encountered upon hydration of Na 0.3 CoO 2 ͑discussed below͒.
E. LiCoO 2 -NaCoO 2 comparison: pre edge
In the inset of Fig. 4 the pre-edge of the Co-K spectra for selected Na x CoO 2 materials and LiCoO 2 are shown. The NaCoO 2 and LiCoO 2 pre-edges both show distinct bimodal a1-a2 features, however their intensity and the sharpness are more pronounced in the Na compound. The prominence of the pre-edge features in these compounds was noted above, to be related to the trigonal distortion in these materials ͑via increased d-p hybridization͒. The degree of this distortion is substantially larger in NaCoO 2 ͑see the structural Appendix͒ and hence is consistent with the much greater pre-edge intensity in the Na compound. Moreover, as argued above Nasite disorder could create greater local O displacement, further lowering the local symmetry and enhancing the O-p / Co-d admixture. Thus the stronger pre-edge feature in NaCoO 2 is consistent with both an overall ͑and possibly local͒ increase in structural distortion. It is worth noting that, in contrast to the main edge results above, the pre-edge spectral changes between the NaCoO 2 and LiCoO 2 are opposite to the smaller changes encountered upon hydration of Na 0.3 CoO 2 ͑discussed below͒.
Upon decreasing the Na content to x = 0.74 the pre-edge evolves into a single broadened feature whose peak shifts up in energy ͑Fig. 4 inset͒. This is similar to the behavior in the standard spectra ͓Fig. 2͑b͔͒, but with the single peak feature being sharper, due to the trigonal distortion, in the Na x CoO 2 materials. An additional broadening and shift to higher energy is observed in the x = 0.3 spectrum. In Fig. 5͑a͒ the Co-K edge spectra of a Na 0.3 CoO 2 · yH 2 O, ͑y = 0, 0.6, and 1.2͒, are shown. Since the hydration induced spectral modifications are extremely modest, the difference spectra for y = 0.6 and 1.2, obtained by subtracting the y =0 spectrum, are shown in the lower portion of Fig. 5͑a͒ . The spectrum of a H ␦ CoO 2 , in which the Na + ions in a Na 0.3 CoO 2 sample were chemically nearly completely replaced, is also included in this figure. Note that the chemical shift of the H ␦ CoO 2 spectrum suggests a doping level equivalent to that of Na 0.3 CoO 2 . This sample is pertinent here since its spectral features manifest similar, but stronger, changes to those observed for Na 0.3 CoO 2 under hydration. Figure 5͑b͒ shows the Co-K pre-edge features of the Na 0.3 CoO 2 · yH 2 O, ͑y = 0, 0.6, and 1.2͒, and H ␦ CoO 2 materials. A modest but systematic decrease in the pre-edge feature intensity with increasing y, and in the H-exchanged sample, should be noted.
Comparison of the spectra for the hydrated Na 0.3 CoO 2 · yH 2 5͑a͒ reveals only very modest changes upon hydration. In particular the energies of the first inflection point and the peak of the spectra ͑the indicators accompanying increasing Co valence in Fig. 3͒ show essentially no change upon hydration. Thus our results directly indicate that there is essentially no change in Co valence upon hydration. This conclusion has been postulated previously, however due to the difficulty of sample preservation it has not ͑to the authors knowledge͒ been directly verified on materials of appropriately comparable Na and H 2 O content, as verified by before and after characterization measurements. Any substantial role of the inserted water as an additional charge reservoir source can now be ruled out on experimental grounds.
At this juncture it should be noted that the Co-O bond length upon hydration contracts substantially ͑see the structure Appendix͒. The absence of XAS evidence for a Co valence increase therefore stands in contrast to the trend observed above for the Na x CoO 2 series. Moreover, it also stands in contradiction to simple valance state/ligand distance expectations.
A number of modest changes in the Co-K main edge spectra upon hydration can be noted, especially with the help of the difference spectra in Fig. 5͑a͒ . The dominant overall spectral change appears to be a general sharpening of the spectral features upon hydration and still more so upon H replacement ͓see regions 1, 2, and 3 in Fig. 5͑a͔͒ . In particular we wish to note the prominent enhancement of intensity at position 1 in the hydrated spectra and the H exchanged spectrum. It should be emphasized that the interpretation of the XAS spectral changes is not sufficiently developed at this time to draw definitive electronic structure conclusions. However, consistencies with hydration-induced structural and NMR changes can be noted and some potential interpretations proposed.
The general sharpening of the XAS spectral features upon hydration would be consistent with the following hypothetical scenario: ͑1͒ variations in the local Na-site position distribution create disorder broadening of the O-site positions; ͑2͒ this O-site disorder creates a distribution broadening of the of Co-electronic states via the strong Co-O bonding; ͑3͒ hydration spatially removes the Na + ions form the O layers, which lifts the local Na induced perturbing potential; ͑4͒ and finally, the Co-O bonding is then homogenized and made coherent by the homogenization of the O environment.
This admittedly tenuous scenario is bolstered very considerably and directly by the recent 17 O NMR experiments of Ning and Imai, 12 who observe a dramatic homogenization of the O-site environment upon hydration. The Co-O hybridization, which was frustrated by disorder in the anhydrous Na material, would reasonably be expected to increase with this O-site homogenization. The Co-O bond length contraction, without Co-valence state increase, would in this argument be attributable to increased, coherent Co-O hybridization/ covalency. Moreover, since increased Co-O hybridization has been linked in electronic structure calculations to the degree of trigonal distortion, the jump in the trigonality upon hydration would also be consistent within this general interpretation.
One seemingly disparate piece of XAS evidence needs to be addressed however. Specifically the Co-K pre-edge feature was seen to decreases in intensity upon hydration despite the increase of the trigonal distortion and hypothesized increase in hybridization/covalency, which should have strengthened this feature. Here it must be argued that it is the inhomogeneous local deviations from centrosymmetry, induced by the perturbing Na in the anhydous material, that enhances the pre-edge intensity. Indeed, inspection of the pre-edge features in Fig. 5͑b͒ shows the anhydrous material spectrum not just more intense but substantially broadened.
The fact that the H substituted material manifests similar, but substantially enhanced, spectral changes compared to the hydration changes should now be noted. The ionic radius and atomic mass of the H are of course much smaller than those of Na. Which of these is more important is at present not clear, and suggests more systematic studies of varying insertion atom mass and size in these materials.
It is not possible to specify, at this time, the electronic origin of the electronic states associated with the 1 and 2 feature enhancements in Fig. 5͑a͒ . Within the proposed explanation outlined above, however, it is natural to suggest that they are associated with e g type states directed toward the oxygens and are involved in the increased hybridization/ covalency. Theoretical calculations have underscored the role of similar "rehybridizatrion" effects in these materials. 13, 14 
IV. CONCLUDING REMARKS
In conclusion our work supports: a systematic Co valence increase with decreasing x in the anhydrous Na x CoO 2 series; but essentially no Co valence change upon hydration of the x = 0.3 material. The fact that we have been able to characterize these exceedingly metastable materials with pre and post spectroscopy measurements should be particularly emphasized in concluding that the intercalated water molecules have not acted as a charge reservoir source. The consistency of our XAS results, and literature structure and NMR results, with the notion that hydration plays a homogenizing effect on the Co-O hybridization in the CoO 2 planes has been proposed.
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The crystal structure of the Na x CoO 2 materials involves planes of edge sharing CoO 6 octahedra, which are inclined so that the hexagonal Co plane is bounded by hexagonal O layers along the crystal c axis. The Na + ions are inserted between CoO 2 blocks. Huang et al. 10 have shown these compounds to manifest a series of detailed structural changes depending on the Na concentration and crystallographic site occupancy. The most basic structural results, reviewed here for comparison with the XAS measurements, are insensitive to the details of the Na layer ordering. In the Na 0.3 CoO 2 · yH 2 O hydrated materials, the water molecules are inserted into the Na layers, greatly expanding the distance between the CoO 2 planes along the crystalline c axis. In the "bi-layer," y = 1.2 hydrate the Na + layer is bonded ͑above and below͒ by H 2 O molecules separating it from the hexagonal O layers of the CoO 2 planes. 8 In the single layer, y = 0.6 hydrate Na + ions are coplanar with the H 2 O molecules. Figures 7-9 are constructed using high-resolution structure determination data on the Na x CoO 2 system, on the Na 0.3 CoO 2 · yH 2 O hydrates and on the LiCoO 2 system from the literature. [1] [2] [3] [4] [5] [6] [7] [8] [9] 25 Note that in the hydrated material, literature variations in x between 0.3 and 0.35 and in y between 1.2 and 1.4 have been neglected. Also the fact that D rather than H was used in the neutron scattering measurements has been neglected.
In Fig. 7 the Co-O and Co-Co distances can be seen to scale rather uniformly with each other, with the composition x, and with the formal Co valance. ͑This behavior was also Fig. 8 . The disparity between these two distances reflects the trigonal distortion of the CoO 6 octahedra. Again a substantial departure is observed for the hydrated materials. The variation of the ratio of the distances O-O top /O-O cross can be used as a measure of the degree of trigonal distortion in these materials and is shown in Fig. 9 . While a modest decrease in the trigonal distortion can be seen with decreasing Na content ͑x͒ a dramatic increase in trigonality clearly occurs upon hydration at x = 0.3. In discussing magnetic results, Chou et al. 26 also noted the increase in distortion upon hydration in the previous data of Lynn et al. 9 The observations of Zhang et al. 27 in their LSDA+ U electronic structure study are useful to note for the discussion in the text. Specifically Zhang et al. 27 noted that as the degree of trigonal distortion in the CoO 2 planes increases one has: increasing e g character admixed into the low lying t 2g states; and concomitantly an increase in Co-d /O-p hybridization due to the Co-e g orbitals pointing toward the O sites.
Finally it is useful to note the relation of the LiCoO 2 and NaCoO 2 structure parameters. The ratio of the distances in the former is Li-O / Co-O = 1.089 and the latter is Na-O / Co-O = 1.196. Thus the larger Na ion has a substantially larger misfit radius relative to the Co than does the smaller Li ion. The CoO 2 plane strain/distortion is consequently substantially larger for the Na compound ͑as can be seen in Fig. 9͒ .
